Abstract -Total chemi-ionization cross-sections have been measured over the 15 to 1 500 eV energy interval for collisions of He 2 1S and 2 3S metastable atoms with Ne, H2, N2, O2 and CO, using a slow ion measurement technique. With molecular targets these measurements have shown a strong energy dependence for the total ionization cross-section without dissociation. In the case of dissociative ionization an energy threshold appears, dependent on the energy defect of the reaction.
Introduction.
Over the last decade the chemi-ionization of atomic or molecular gases by metastable helium impact has been studied extensively [1] [2] [3] [4] [5] [6] . From a theoretical point of view chemi-ionization processes include two broad classes of reactions : collisions with removal of an electron (Penning ionization, associative ionization, dissociative ionization, rearrangement ionization) and collisions with formation of an ion pair.
In the first class a transition to the continuum is involved and a new particle, the free electron is present in the exit channel. After a collision with ion pair formation, on the contrary, the number of particles remains unchanged in the exit channel and transitions occur between discrete levels of the electronic energy. Our work concerns electron removal processes and we are therefore dealing with a transition of quasimolecular systems to the continuum, for which the theory is incompletely developed.
Most experiments, using atomic targets, have measured the energy dependence of the total Penning ionization cross-section : at low energy the first data were reported by Tang et al. [1] for the systems Ne*/Ar, Kr and Xe, where Ne* represents the metastable states of Ne, and by Pesnelle et al. [2] for the He* + Ar system, He* being the metastable states of He. Later, the velocity dependence of the Penning and associative ionization cross-sections of Ar atoms by He (2 3S) and He (2 'S) metastable atoms have been measured in the 30-400 meV energy range, in a crossed-beam experiment using a time of flight technique, by Pesnelle et al. [3] . Illenberger and Niehaus [4] have measured the energy dependence of the total Penning ionization cross-section in the 20-400 meV energy range for the collision systems He (2 'S)/Ar, Kr, Xe, N2, Hg, He (2 'S)/Ar, Kr, Xe, N2, Hg.
The quenching rate of He (2 'S) by Ar has been measured by Lindinger et al. [5] in a flowing afterglow in the 300-900 K temperature range.
Some collision studies on excited particles at high energy (E &#x3E; 1 keV) such as He (2 'S, 2 3S) and H (2 S) in collision with rares gases or molecules have been carried out to determine the electron capture, electron loss or collisional destruction crosssection of the excited species [6] [7] [8] ; in these experiments only the fast product of the reaction was Table I ). The initial state of the collision complex is embedded in a continuum and is subject to autoionization at small distances (Penning ionization). In the energy range covered we must consider the possibility of ion creation from an excitation transfer followed by autoionization of the target. This mechanism becomes more and more efficient with increasing collision energy and concerns both atomic and molecular targets [10] ; the autoionization of the target can be extremely efficient, and under our experimental conditions we are not able to estimate its relative importance. These two processes are expected to be the predominant modes of slow ion production according to the following reactions.
1.1 FOR SYMMETRICAL DIATOMIC MOLECULES.
1.1.1 Penning ionization process (total cross-section ap).
1.1.2 Autoionization process (total cross-section J Q.
In this paper the ionization cross-sections corresponding to processes (1) and (2) will be written O'P+A, such that :
1.1.3 Dissociative ionization process (total crosssection QD).
Under the same experimental conditions we have also measured the energy dependence of dissociative ionization of the molecular target gas. Locht et al. [11] , Locht [12] and Dehmer and Chupka [13] have shown that the autoionizing levels may play a considerable part in the dissociation of molecular ions such as N2+ and 02 . This can be written :
The energy defect can be positive or negative depending on the target dissociation energy (see Table I ). If negative, the defect energy is taken from the kinetic energy of the metastable atom. For this target (CO) the energy defects AE of reactions 5 and 6 are negative (see Table I ).
We The latter reaction has already been investigated under the same experimental conditions [14] . [19] . The neutralization caesium cell has been described in detail elsewhere [15] The relative abundances of these three components were not measured in the present experiment, but from the data obtained by Reynaud et al. [18] with a Cs cell the composition of the emerging helium neutral beam is well known in the 100-1000 eV range (see Table II Equation 12 shows that the N* metastable flux is obtainable from the product N* y* given by the Faraday cup so it is necessary to know y* in this energy range. The Faraday cup has an alkalinecontaminated stainless steel surface as a caesium flux from the caesium neutralization cell reaches and covers it (see Fig. 1 The true value of N* may be calculated from (13) and ( 
16) :
On the other hand N'* = N * y* can be obtained directly from the Faraday cup (see section 2). Knowing the total exchange cross-section (1 +0 for the formation of all neutral states of helium [19] and the caesium cell temperature which gives 7rcr s [22, 23] we can deduce N* from equation 17 Fig. 2 ). If we compare the y* and y+ values independently determined in the energy range 500-1500 eV we find that y + is equal to y* within 5 % uncertainty. In conclusion we shall take y* = y + throughout our experimental energy range (see Fig. 2 figure 3a . These results, taken from our previous letter [14] , are normalized to the absolute values of Moseley et ale at 100 eV [9c] . In their discussion the authors concluded that Penning ionization is expected to be the dominant process for slow ion production. Our relative cross-section (1P+A is in good agreement with their experimental data, but in neither experiment is it possible to determine the ion fraction created from the autoionization process (see section 1). In the same energy range we present in figure 3b our measurements of the total Fig. 3 [4] in the thermal energy range : ( x x x ) for the He (2 iS)/N2 system and (+ + +) for He (2 3 S)/N2.
the total Penning and autoionization cross-section ap+A, the closed circles the total dissociative ionization cross-section CD (endothermal case) and the closed triangles the sum £ O"i = Qp + A + 0"0' which i is compared with previous absolute slow ion measurements from Moseley et al. [9c] (open squares). The error bars include statistical uncertainty on the data. 0"0 is determined from the dissociative ion flux measured with a detection efficiency lower than for 6P+A (see section 2.2), but 0'0 is more than one order of magnitude smaller than QP+A so it is possible to sum QP+A + QD within a reasonable uncertainty. Our experimental points cover the range 15-1500 eV and are normalized to the absolute values of Moseley et al. [9c] (100 eV being the normalized point). The kinetic energy dependence of our total cross-section agrees well with that of reference [9c] in the common energy range (60-600 eV) within the limits of uncertainty (+ 15 %). As the energy increases from 15 to 100 eV QP+A rises towards a smooth maximum then decreases : the efficiency of the collision for these channels diminishes with increasing relative velocity.
The total dissociative ionization cross-section for the system He* + N2 presents a threshold at approximately 40 eV (endothermal reaction, see Table I ) above which it increases with energy, showing no structure in our energy range.
In the thermal energy range Illenberger and Niehaus [4] have studied the relative velocity dependence of the total Penning ionization cross-section for the He*/N2 system. The authors give relative data normalized to the absolute destruction rate constants obtained by the flowing afterglow technique at 300 K [28] . Their results (see Fig. 4) show a strong velocity depen- [24] , who calculated the total chemi-ionization cross-section in terms of a local complex potential using either the sphericalpotential approximation or sudden approximations at energies below 10 eV. Hickman et al. [25] [26] who measured the electron energy spectra arising from He (2 'S)-H2 collisions. Neynaber et al. [27] have used merging beams to measure the absolute crosssection in the associative ionization process for a mixed metastable beam in the 0.01 to 0.8 eV energy range. Lindinger et al. [5] have measured the reaction rate constant for the quenching of the 2 3S state of He by H2 as a function of temperature between 300 and 900 K : the measurements show that the rate constant increases rapidly with temperature.
Since the total chemi-ionization cross-section varies rapidly with energy in the thermal range it was not possible to normalize our relative data with reasonable confidence. Extrapolation of the present data to the thermal energy range would be meaningless. The theoretical calculations of Cohen and Lane [24] give a total chemi-ionization cross-section value of 18.5 A2 for 10 eV relative collision energy (averaged value for the singlet and triplet states).
Because Table I ), so the processes He*+02 -+ 2 and He* + 02 -+ He + 0 ' + 0 + e-are exothermal. In accordance with this analysis O+ production is considerable even for low energies (if we except the first experimental point at 15 eV, known within a 50 % uncertainty). The present results for a molecular oxygen target are shown on figure 5 . The total ionization cross-section UPIA (open circles) exhibits a structure, increasing by 50 % from 15 to 18 eV then rising more slowly to reach a maximum near 60 eV followed by a well-resolved minimum around 100 eV. From 100 eV to 1 500 eV QP+A rises slowly. The total dissociative ionization cross-section 6D (closed circles) increases slightly with energy over our whole experimental range; a hint of structure is also observed in aD but is not interpreted at the present time.
In the thermal energy range Riola et al. [30] figure 5 . The closed circles represent the total chemi-ionization cross-section UPI A (exothermal case). For this heteronuclear target we have two endothermal dissociative ionization processes (see Table I Comparing the two energy thresholds for reactions 19 and 20 we find that their respective positions agree qualitatively with the value of the energy defect for these reactions. In other words the energy threshold is all the higher as the reaction energy defect is large. Riola et al. [30] give an absolute value for the total chemi-ionization cross-section in the thermal energy range; this value is approximately 23 
